Introduction
On 3 and 4 November 1997, the National Institute of Standards and Technology (NIST) sponsored 1 an information-gathering workshop that focused on "Knowledge-based Systems Interoperability." Held in Gaithersburg, MD on the NIST campus, and in response to the growing need for integrating knowledge in distributed computing environments, the workshop addressed the general issue of interoperability among knowledge-based systems 2 especially in engineering design and manufacture. The workshop, which had more than thirty participants, included seven presentations from developers, vendors and users, group discussions on knowledge-based system interoperability --its present capabilities and some of its main drawbacks --and a general session to target specific research and development, and end-user needs. This report documents the workshop background and goals, its participants and agenda, the speakers' abstracts and slides, and provides a summary of the workshop results.
Workshop Background & Goals
The purpose of this workshop was to bring together knowledge-based system (KBS) developers, vendors and users from different engineering disciplines to discuss matters of common interest concerning software interoperability. Functional interoperability is fundamental to the success of complex engineering processes such as collaborative design. Although much effort has been put forth in standardizing geometric product data exchange with the development of the international STandard for the Exchange of Product model data, STEP, ISO 10303 [ISO94] , such standards do not yet address the exchange of parametric data such as design rationale, functional specification and design intent. To achieve functional interoperability, computer-aided engineering (CAE) applications in general, and KBS in particular, need to be implemented in such a way that the exchange of data and knowledge can occur without loss of information, tolerance or robustness. How to bring about this interoperation is precisely the reason for this workshop.
The workshop mission was to provide an open forum for KBS vendors, engineers and manufacturers, to discuss the state-of-the-art, identify gaps in current technology, and to begin proposing solutions to close those gaps.
Specific workshop goals include the following:
• to provide an overview of the state-of-the-art in KBS interoperability issues in industry, government and academia, • to present industry case studies on current practices in KBS interoperability, • to draw roadmaps that will aid in research and development in KBS interoperability, especially in collaborative engineering projects, and • to identify interoperability standards and technology issues.
The workshop was organized as a series of presentations from speakers representing KBS developers, KBS researchers, and engineers who use KB and CAE systems in their design and manufacturing activities (two developers, three researchers and two engineers). NIST personnel provided additional input on the state of comparable standards and government activity. Following the morning of presentations, workshop organizers split the participants into two subgroups. Each subgroup brainstormed on one of these two themes:
I-State of the Art on KBS Interoperability
II-Barriers and Requirements for KBS Interoperability
The subgroups reconvened to discuss the issues raised, and report on each subgroup's findings to the entire workshop. The second day was used for a general discussion, refinement of our findings, and for the group to agree on a list of action items to be taken.
Workshop Results
Of the more than a dozen issues identified by the groups (and listed below), two main themes emerged:
1. Interoperability among KB and CAE systems is a major bottleneck today.
2. Current standards do not address many of the interoperability issues associated with KBS.
Within these main themes, five concepts emerged as priority issues. These are:
Characterization There is strong need to characterize -perhaps even standardize -the capabilities, behavior and underlying philosophy of KB systems.
Usability
Engineers and manufacturers who use KB and CAx systems must not be unduly burdened with interoperability issues.
Vocabulary
For design and manufacturing applications, a core set of primitives (such as artifact, design plan, goal, form, function and behavior) need to be understood and represented in a standardized way so that meaningful exchange of such knowledge can be achieved.
Collaboration
The commercial, academic and governmental communities must collaborate to address the interoperability issues in a most meaningful way.
Cost
The cost of KB systems and their interoperability must be manageable for midsize companies.
Participants also identified 14 issues as being important in KBS interoperability. These are listed below:
1. Knowledge representation (KR) is the critical element for interoperability because if different KR schemes need to interact, there must be some commonality among representations. One possible solution is to link different KR schemes by using the Knowledge Interchange Format, KIF [Gen92] , with a formal explicit specification of a conceptualization, often referred to as a frame ontology [McG93] .
2. Mediation is important for interoperability because it places context on a specific knowledge base, otherwise known as semantic heterogeneity.
3. Problem solving cooperation is necessary to limit the amount of knowledge sharing in specific interoperable transactions.
4. Knowledge base validation is important for interoperability because of the consistency issue associated with individual KBs, and the ramifications for downstream propagation of possible misinformation.
5. Negotiation is an important attribute in interoperable KB systems because of the nature of most engineering design and manufacture activities.
6. Knowledge base comprehension is important for global context. To efficiently interoperate, KB systems require agents that describe the knowledge a specific KB contains, thereby streamlining search.
7. Knowledge capture is clearly achievable for specific domains, yet this activity remains a bottleneck.
8. Knowledge history, or meta-knowledge, is important to trace the reason for a particular conclusion or action.
9. Knowledge types must be varied for interoperability to be effective. Many types of objects should be recognizable -business objects, design objects, management objects and manufacturing objects.
10. KIF was developed as an interchange format and may prove very useful as a building block in representing knowledge across different KR schemes.
11. Design rationale is one level of knowledge that must be made interoperable.
12. 14. Problem solving method libraries are important so that meta-knowledge can be used to locate appropriate knowledge sources.
Action Items
The workshop concluded with a set of five action items that participants agreed to address. These are:
1. Begin surveying KBS developers and characterizing existing tools.
2. Develop sample practical problem involving multiple KB and CAx systems.
3. Define a taxonomy of domain entities, or primitives, that lend themselves specifically to interoperability in design and manufacture.
4. Explore the similarities and differences between KIF and the STEP data modeling language, EXPRESS, and its extensions.
5. Draft position paper on KBS interoperability discussing goals, challenges, strategies and areas of application. This presentation describes the successes and difficulties in deploying knowledge based design automation and optimization systems in a production environment. Twelve years of developing and implementing KBSs at GE, and three years experience vending software, form the basis of these observations and conclusions.
Workshop Agenda
To meet the industrial challenge of drastically reducing the product development cycle and cost while maintaining product quality, a new software system was developed at GE Corporate R&D in the early 1980s. It combined traditional mathematical based design optimization algorithms and modern knowledge based system (KBS) approaches to automate, integrate, and optimize engineering design. The software, Engineous, was successfully deployed in eight of 13 GE businesses. In the past three years, a redesigned, commercial version of Engineous, called iSIGHT, was developed and tested in large corporations in five major industries -aerospace, defense, power & utilities, automobile, and industrial manufacturing.
The hybrid knowledge based system and mathematical approach has proven to be useful and efficient in solving complex problems such as the design of aircraft engine turbines, power generation equipment, satellites, transformers, utilities planning, and electrical devices. On average, this technology reduces the design cycle time and manufacturing costs by an order of magnitude, saving tens of millions of dollars. However, there are many challenges in large-scale deployment of this technology to commercial users. The most difficult one is enabling end-users, not knowledge based system developers, to create and maintain the knowledge base. The existing KB systems are too complex for most engineers to learn, and developing complex, practical KBS application often takes too much time and effort. Also, there are many CAD, CAE, and other productivity tools (e.g., spreadsheet) in use in most design environments and substantial development efforts are often needed to link these tools together. This presentation will highlight some of these challenges, discuss the successes and failures in working around these problems, and suggest future development/improvement of KBS that could significantly increase its use in a practical design and manufacturing environments.
The ICAD System -A Knowledge Based Generative Technology
Prasanna Katragadda Concentra, Inc.
The ICAD System is a Knowledge Based Engineering software solution used by world class manufacturers in aerospace, automotive and industrial equipment manufacturing, such as Boeing, British Aerospace, Pratt and Whitney, GM, Ford, Jaguar, Lotus, and others, to automate system-level design, product design, tooling and product configuration. The ICAD System uses generative technology to capture and apply generic product design knowledge -both geometric and nongeometric -which includes product structures, development processes and manufacturability rules. Companies that use ICAD greatly trim cycle time, reduce downstream costs, and provide a flexible environment in which to process engineering change orders. Ultimately, ICAD System users shrink a good portion of the design or configuration process, allowing it to be completed in significantly less time than nonusers.
Recently, the ICAD "vision" has grown beyond the individual engineering effort. Through its KBO (Knowledge Based Organization) initiative, The ICAD System is attempting to examine, understand and define such aspects of an organization's "knowledge" as how it is represented, stored, examined, used, exchanged, updated and refined.
Recognizing that in today's business and engineering environment, knowledge without means of interchange is not very useful, our presentation also includes anticipated interoperability issues, such as representation and access methods for knowledge, and the role of international standards in facilitating these tasks. Heterogeneous information systems such as agent systems, knowledge-based systems, database application systems and CAx systems generally have different data and knowledge representations and run on different operating systems and dissimilar computing platforms. To make these heterogeneous systems interoperable as an integrated information system on a local or wide-area network, one popular approach is to encapsulate the functionalities and data of these systems as objects. By doing so, they can be uniformly represented and processed in the integrated information system. This approach is taken by the Object Management Group (OMG), which introduced CORBA and ORB to provide the architecture and communication infrastructure for the interoperation of distributed objects through method activations. In the NIIIP project, distributed objects are modeled in terms of 1) their structural properties and constraints using the international standard modeling language EXPRESS, 2) their methods using OMG's IDL, and 3) their knowledge rules using an event-condition-action-alternative-action (ECAA) rule language developed at the University of Florida. The ECAA rules capture enterprise business rules, policies, security and integrity constraints, and other rules of interoperation associated with distributed objects. An objectoriented knowledge base management system (KBMS) is used to provide the following:
Rule-based Interoperability of Heterogeneous Systems in NIIIP
1) GUIs for modeling, editing, browsing, and graphically querying the conceptual model of an enterprise,
2) An object-oriented query language OQL for accessing and manipulating metadata and shared data, and
3) An event and rule server to provide both build-time and run-time event and rule services.
ECAA rules are pre-compiled into rule code which are incorporated into program bindings generated by an IDL compiler for distributed objects, thus achieving "rule-based interoperability" over an ORB. They can also be stored in the KBMS and triggered at run-time when the enterprise knowledge base is accessed and manipulated.
Configurator Synchronization
Bruce Ambler Lucent Technologies Lucent Technologies sells complex telecommunications equipment, where much of the equipment configuration is custom designed for each sale. Engineers configure this equipment with the aid of two knowledge-based systems: the first is a sales configurator the second is a factory configurator. The sales configurator is operated by sales people and configures the product to a level that it can be priced and contracted. The second cofigurator is executed when the order gets to the factory and configures the components to the level that the equipment can be built.
Because changes in product design require the configurators to be changed, there is a need for interoperability between a product information system and the configurators. The configurators must be kept in synch with the product and each other since the output of the sales configurator is the input to the factory configurator. The interoperability requirements include an event notification service and a data exchange mechanism. The nature of the data exchange depends on the nature of the knowledge based system. Rule based systems require different information than constraint resolution systems.
OKBC: A Programmatic Foundation for
Knowledge Base Interoperability OKBC provides a uniform model of KRSs based on a common conceptualization of classes, individuals, slots, facets, and inheritance. OKBC is defined in a programming language independent fashion, and has existing implementations in Common Lisp, Java, and C. The protocol transparently supports networked as well as direct access to KRSs and knowledge bases.
OKBC consists of a set of operations that provide a generic interface to underlying KRSs. This interface isolates an application from many of the idiosyncrasies of a specific KRS and enables the development of tools, such as those currently being developed at SRI and Stanford.
Knowledge Source Awareness Models For Interoperable Knowledge Based Systems

R. Reddy Concurrent Engineering Research center
West Virginia University
Knowledge Based Systems, by definition, depend on one or more sources of knowledge for their operation. In a stand-alone knowledge based system, these knowledge sources are usually "attached" to the inference engine -the heart of the knowledge-based system. With the emergence of the World Wide Web (W3) as a seamless global information infrastructure, it is now possible to construct problem solutions based on a collection of cooperating knowledge based systems. In such an endeavor, each component may depend partly on the knowledge sources associated with one or more knowledge based systems in the group. This can only be possible if these component systems can inter-operate, insofar as they can exploit each other's knowledge sources. Let us take a simple example of a case where two members of a team, each using an "expert office assistant" program wish to manage scheduling and communications. Each system depends on its own knowledge source -say an address book. Unless each system knows about the existence of an address book and deal with converting each other's formats to their own representation, they can never cooperate -because they can not inter-operate. To overcome this problem, the following characteristics are needed:
